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The selective methylation and methylene substitution reactions of dimethyl ether ions with 
ethylene glycol, ethylene glycol monomethyl ether, and ethylene glycol dimethyl ether were 
investigated in a quadrupole ion trap mass spectrometer. Whereas the reactions of ethylene 
glycol and ethylene glycol monomethyl ether with the methoxymethylene cation 45+ gave 
only [M + 131 product ions, the reaction of ethylene glycol dimethyl ether with the same 
reagent ion yielded exclusively [M + 151 + ions. The relative rates of formation of these 
products and those from competing reactions were examined and rationalized on the basis of 
structural and electronic considerations. The heats of formation for various relevant species 
were estimated by computational methods and showed that the reactions leading to the 
[M + 13]+ ions were more energetically favorable than those leading to the [M + 15]+ 
products for cases in which both reactions are possible. Finally, the collision-induced 
$yck$n behavior of F [M + HI*, [M + 13]+, and [M + 15]+ ions indicated that the 
and [M + 151 rons dissociated by analogous pathways and were thus struc- 
turally similar, whereas the [M + 13]+ ions possessed distinctly different structural charac- 
teristics. (1 Am Sot Mass Spectrom 1993, 4, 97-105) 
T he importance of functional group interactions and substituent effects in determining the out- comes of reactions both in solution [l-4] and in 
the gas phase has long been recognized [S-8]. For 
example, the interactions between various functional 
groups in diol [9], diacid [lo], diester [ll], and other 
simple systems [12-141 have been shown to have im- 
portant consequences on the physical properties and 
reactive and dissociative patterns of these ions. In 
some cases, remote group participation can promote 
reactive channels inaccessible to related molecules 
lacking the interaction [15]. The converse is also true: 
The presence of an additional functional group can 
prevent certain reactions, either through steric or elec- 
tronic interactions or by promotion of competition be- 
tween reactions that would otherwise be expected to 
predominate. 
The type and extent of interaction and consequent 
enhancement or inhibition of the reactions naturally 
depends on the nature, position, and orientation of all 
functional groups involved. The large body of previ- 
ous work in this area has helped to establish generally 
accepted correlations of functional group interactions 
with gas-phase basicities and proton affinities, ion sta- 
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bilities, associative properties, and the favorabilities of 
competitive dissociative channels of various types of 
ions with a variety of functional groups [l-14, 16, 171. 
An understanding of such functional group interac- 
tions is important not only from a physical organic 
perspective in predicting reaction outcomes and mech- 
anisms but also from a biological standpoint. For ex- 
ample, hydroxyl groups and ether linkages are among 
the most ubiquitous functional groups [18], and virtu- 
ally all possible combinations, relative positions, and 
orientations of these functionalities can be found in 
sugars, steroids, antibiotics, and other biologically rele- 
vant molecules. 
Mass spectrometric methods have been increasingly 
applied to the characterization of such types of 
biomolecules; however, the structural elucidation of 
these complex molecules remains deficient. The devel- 
opment of activation techniques, such as collision- 
induced dissociation [19] and surface-induced dissoci- 
ation [20], for promoting fragmentations of 
biomolecules in characteristic patterns has assisted in 
solving this problem. The design of selective 
ion-molecule reactions also holds promise for reveal- 
ing structurally diagnostic information. Chemical ion- 
ization [21,22] reactions with novel reagent gases have 
been shown to offer great potential, and tremendous 
interest has therefore been stimulated in the characteri- 
zation of new site-selective reagents [23]. 
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We are particularly concerned with the develop- Results and Discussion 
ment of site-specific reactions for characterization of 
antibiotics, and a firm understanding of the fundamen- Comparison of Reactions 
tal reactions between the commdn substituents is 
therefore a necessity. We have undertaken this study 
of simple disubstituted ethanes to illustrate that the 
reactive and dissociative properties of structurally and 
electronically similar ions can be dramatically differ- 
ent. To correlate and contrast the reactivities of 
methoxyl and hydroxyl groups, we have compared the 
ion-molecule reactions of dimethyl ether ions with 
ethylene glycol and its mono- and diethers and exam- 
ined the formation mechanisms for each product 
observed. In addition, we have made a qualitative 
comparison of the formation rates and relative favora- 
bilities of formation for the observed products and 
investigated the thermodynamic properties that pre- 
sumably govern the reactions observed. 
The two reactions of interest in this study are meth- 
ylene substitution and methyl cation attachment. The 
former has been recently described for other small 
organic systems [9, 12, 241. The methyl cation attach- 
ment process has also lately been of interest in studies 
concerning sites of electrophilic additions [25-271. 
Experimental 
A Finnigan ion trap mass spectrometer (Finnigan-MAT, 
San Jose, CA) [28, 291 was used for all experiments. 
The samples (Aldrich Chemical Co., Milwaukee, WI) 
were introduced through a heated leak valve system, 
and typical pressures used were 1.3 X lop4 Pa. 
Dimethyl ether (DME) (MG Industries, Valley Forge, 
PA) reagent gas pressure was generally 1.2 x lo-” Pa, 
and helium buffer gas was admitted at approximately 
0.13 Pa. The ions produced by electron ionization of 
DME were stored and reacted with the neutral sample 
vapor. The ion-molecule reaction times were varied 
between 0 and 500 ms. Alternately, individual reagent 
gas ions were trapped and isolated by application of 
appropriate radiofrequency and dc voltages [30] and 
allowed to react with the neutral analyte molecules for 
varying periods of time (O-500 ms). In either case, the 
ions formed were selectively isolated, and activated to 
produce collision-induced dissociation (CID) spectra. 
All thermochemical values not available in the liter- 
ature were estimated by computer calculations. The 
computational programs PCMODEL and MOPAC were 
obtained from Serena Software (Bloomington, IN) and 
were run on a Macintosh IIsi personal computer. The 
molecular modeling program PCMODEL was first used 
to approximate the minimum-energy structure, and 
the resulting coordinates were entered into the 
semiempirical program MOPAC. The AM1 Hamilton- 
ian operator and default parameters were used in all 
cases. Calculations were performed at least three times, 
and consistent values were obtained. 
Two reactive ions are tvoicallv formed on ionization of 
DME-the methoxyme;h;lene’cation (1) and the proto- 
nated DME (2). Previous studies in our group [24, 311 
have shown that on reaction with the ions of m/z 45 
and 47 from DME, substrates typically yield one or 
more of several product ions, depending on the nature, 
position, and orientation of their functional groups: 
[M + l]+, [M + 13]+, [M + 15]+, [M + 45]+, and [M 
+ 47]+. Although the [M + 451’ and [M + 47]+ 
adduct ions, or collision complexes, are not always 
observable in the ion trap, previous work has demon- 
strated that the [M + I]+, [M + 13]+, and [M + 15]+ 
ions all originate directly from these ions [12, 311. 
+A 
H,C' 'CH, 
45+ 47+ 
1 2 
The [M + l]+ ions arise predominantly from simple 
proton transfer from the protonated DME molecule 
(m/z 47) to the substrate. These products presumably 
arise through initial formation of a proton-bound colli- 
sion complex at [M + 47]+, which fragments to give 
the protonated analyte (Scheme Ia). In most of the 
systems studied to date in our laboratory, including 
the three systems under study here, the proton affmi- 
ties of the substrates have exceeded that of the neutral 
DME. Therefore, dissociation of the loosely bound [M 
-t 47]+ collision complex generally gives preferentially 
the [M + l]+ product ion. 
Likewise, the [M t 131” and [M + 15]+ ions have 
been shown to result from fragmentation of an [M + 
451’ adduct that arises from the collision complex 
formed between the neutral analyte and the DME 
reagent ion at m/z 45 [12]. The complex either rear- 
ranges to allow transfer of a methyl group to the 
substrate (Scheme lb, upper path) and simultaneous 
loss of formaldehyde or undergoes a different rear- 
rangement followed by loss of methanol (Scheme Ib, 
lower path), resulting in a net substitution of a methy- 
lene group onto the substrate. 
For ethylene glycol, ethylene glycol monomethyl 
ether, and ethylene glycol DME, the [M + 451’ and 
[M + 47]+ ions are not directly observable, presum- 
ably because they are formed with excessive internal 
energy and are not sufficiently deactivated by colli- 
sions with the helium buffer gas. Rather, they dissoci- 
ate spontaneously on formation, giving [M + l]+, [M 
+ 13]*, and [M + 15]+ product ions. 
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Scheme I. Formation reactions for (a) [M + ll+ and (b) [M + 
131’ and [M + IS]’ product ions. 
Whereas all of these compounds form the prot+ 
nated molecule [M + I]+, the reactions leading to [M 
+ 13]+ and [M + 15]+ are more selective. Ethylene 
glycol exclusively forms [M + 131’ ions, whereas the 
diether only gives [M + 151’ ions and no [M + 13]* 
product. Most interesting, the monoether yields only 
[M f 13]+ product ions, even though the formation of 
[M + 15]+ ions would also be predicted on the basis of 
the behavior of the ethylene glycol DME. The fact that 
a mixture of [M + 13]+ and [M + 15]+ products is not 
observed for this substrate, which contains both of the 
necessary reactive groups, is especially intriguing. This 
suggests that the two types of reactions are noncom- 
petitive and that the reagent ion that results in their 
formation is not only selective, but also gives site- 
specific reactions. The nature of both functional groups 
within the difunctional molecule thus has a significant 
effect on the reactivity of the compound. 
Structural Characterization by Collision-Induced 
Dissociation 
To evaluate the structures of these product ions, their 
CID spectra were examined (Figure 1). In each case, 
only one fragment ion was formed. Collisional activa- 
tion resulted in loss of neutral formaldehyde for the 
[M + 13]+ products and loss of neutral Dh4E from the 
[M + 151’ product. 
A comparison of the CID spectra of the [M + l]+ 
and [M + 151’ ions for ethylene glycol DME (Figure 2) 
shows that the protonated and methylated molecules 
follow analogous dissociation paths. Whereas the [M 
+ 15]+ product shows exclusive loss of neutral DME, 
the protonated molecule exclusively loses a molecule 
of methanol on activation. In both cases, the same 
product ion at m/z 59 is formed. In contrast, the 
[M + l]+ and [M + 13]+ products for ethylene glycol 
or ethylene glycol monomethyl ether do not dissociate 
101 kcal/mol 99 kcallmol 
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Figure 1. Estimated heats of formation for the cyclized and 
uncyclized [M t 13]+ ions of (a) ethylene glycol and (b) ethylene 
glycol monomethyl ether. 
by parallel paths, supporting the proposal that the 
protonation and methylene substitution reactions do 
not result in similar structure types. 
We have previously established that whereas the 
[M + 13]+ ions of amino alcohols [12] exist predomi- 
nantly in the uncyclized form, cyclization of the same 
products derived from diols [9] is significantly fa- 
vored. In the case of ethylene glycol and ethylene 
glycol monomethyl ether, the estimated energy differ- 
ence between the open and cyclized forms of the ions 
is relatively small (Figure 3). 
In both cases, the cyclic form is slightly preferred. 
This is in accord with deprotonation experiments with 
the ethylene glycol system described later that demon- 
strate that a significant amount of the ion abundance 
exists as the cyclized ion. The fact that neutral DME 
easily deprotonates the [M + 13]+ product ions is best 
explained by the presence of the cyclic ions, in which 
there is an acidic proton. The cyclic [M + 13]+ ion of 
ethylene glycol monomethyl ether does not possess an 
acidic proton, and, consequently, the deprotonation 
reaction does not occur. 
On the other hand, the simple fragmentations of the 
[M + 13]+ ions of both ethylene glycol and its methyl 
ether on collisional activation suggest that the cyclic 
structures open on activation, prior to fragmentation. 
The simple loss of neutral formaldehyde seen exclu- 
sively in both cases is most easily explained by direct 
cleavage of the carbon to positively charged oxygen 
atom bond in the acyclic [M + 13]+ ion. The relatively 
small energy difference between the cyclic and acyclic 
forms is in accord with the assumption that they are 
readily interconvertible after collisional activation. 
Reaction Profiles 
One of our initial purposes in this work was to investi- 
gate the reaction profiles of the observed reactions. Log 
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Figure 2. Profile data for the rekions of (a) ethylene glycol; (b) 
ethylene glycol monomethyl ether; and (c) ethylene glycol DME 
with the 45+ ion. 
C 
Figure 3. Comparison of the CID spectra of the [M + 13]+ 
products of (a) ethylene glycol and (b) ethylene glycol 
monomethyl ether and the [M + 15]+ product of W ethylene 
glycol DME. 
plots of the profile data for the ion-molecule reactions 
of each substrate are shown in Figure 2. For each plot, 
the DhE methoxymethylene 45+ ion was isolated and 
allowed to react for O-500 ms with the analyte. Be- 
cause of the abundance of products in two of the 
reactions, little quantitative information can be ob- 
tained from these plots; however, several interesting 
points can be made. 
Reaction of ethylene glycol. For the reaction of ethylene 
glycol and the 45+ cation, many different products are 
seen (Figure 4a). The fact that the natural log of the 
59+ 
I (M i- 15)+ 105+ 
-CH30CH3 
A 
~~~~~~~~‘i~~~~~~~~~l~~~~~~~~~l~~~~~~~~~l~~~~~~~~~~~~~ 
50 60 70 89 98 189 119 
b 
Figure 4. Comparison of the CID behavior of (a) protonated 
ethylene glycol DME and (b) the [M + 15]+ product of ethylene 
glycol DME. 
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45+ ion intensity falls off at a constant rate indicates 
that most of the products seen are secondary, formed 
after initial reaction of the substrate with the reagent 
ion. ln fact, the immediate appearance of the 47+ ion is 
presumably a result of deprotonation of the newly 
formed [M + 13]+ ion by neutral DME. This observa- 
tion would also account for the lowered intensity of 
[M + 131’ at longer reaction times. After the [M + 
13]+ ion current is depleted, the 47+ intensity ceases 
to rise. This proton transfer process is further con- 
firmed by isolation and storage of the [M + 131’ ion. 
The disappearance of [M + 13]+ and the concurrent 
appearance and rise of the 47+ signal indicates that 
DME does in fact remove a proton from the product 
ion after it is formed. Again, this idea is confirmed by 
the fact that the proton affinity of DME is 14 kcal/mol 
higher than that of the conjugate base of the proposed 
[M + 131 + ion structure. 
The appearance of [M + l]+ ions during the reac- 
tion is thus probably a result of the formation of the 
47* ion. This conclusion is substantiated by examina- 
tion of the proton affinity of the ethylene glycol. The 
proton affinity of DME is in this case lower by 14 
kcal/mol than that of neutral ethylene glycol. 
Two possible explanations are offered for the ap- 
pearance of the m/z 61 ions in the course of the 
reaction of ethylene glycol with the 45+ cation. One 
source of these ions could be a hydride transfer reac- 
tion between ethylene glycol and the 45+ ion that 
competes with the desired reaction and results ln for- 
mation of [M - l]+ ions. Although this reaction is 
estimated to be endothermic by 3 kcal/mol overall, the 
internal temperature of the ions in the trap may cause 
it to occur nonetheless. Another possibility is that the 
61+ signal is not the [M - I]+ ion of ethylene glycol, 
but is instead due to a methyl cation transfer reaction 
between the 45+ cation and the neutral DME present 
in the system. This process is commonly observed at 
long reaction times in many cases. The high relative 
abundance of this ion in the reaction profile of ethylene 
glycol, along with the lack of this ion in the profiles of 
the other two substrates (Figure Zb and c>, suggests 
that the hydride abstraction reaction is the most likely 
explanation for this ion. 
Reaction of ethylene glycol monomethyl ether. In contrast 
to the ethylene glycol reaction described earlier, only 
the product of interest in this study, [M + 13]‘, is 
formed from the reaction of ethylene glycol 
monomethyl ether with the 45+ ion (Figure 2b). Be- 
cause the [M + 13]+ signal does not rise at the same 
rate as the 45+ signal falls, it can be inferred that the 
conversion efficiency is not 100%. Processes that may 
account for the moderate conversion efficiency include 
ion leakage from the trap and neutralization of the 45+ 
ions; however, the relative intensity of the [M + 13]+ 
product as compared with that observed in the case of 
ethylene glycol is large, and no detectable side prod- 
ucts are formed. Proton transfer to neutral DME from 
the [M + 13]+ ion and hydride abstraction from neu- 
tral ethylene glycol monomethyl ether by the 45+ ions 
are thus not favored, as they are for ethylene glycol. 
Therefore, the proton affinity of the conjugate base of 
the [M + 13]+ product ion must be higher than that of 
neutral DME and considerably higher than that of the 
[M + 13]+ ion of ethylene glycol. 
Reaction of ethylene glycol dimefhyl ether. The reaction 
of ethylene glycol DME with the 45+ ion (Figure 2~) 
follows a trend similar to that of the ethylene glycol 
reaction discussed previously. One difference in this 
case is that the [M + 15]+ product is formed instead of 
[M + 13]+. Also, the [M + 15]+ product abundance 
does not fall off with increasing reaction time, and the 
47+ ion does not appear, even at long reaction times. 
Rather, a tiny abundance of methylated DME 61+ 
appears, presumably arising from methyl cation trans 
fer between the 45+ reagent ion and the neutral DME 
present in the system. The relative abundance of this 
peak is indeed so small that it is not distinguishable 
when plotted on the same scale as the other peaks. 
Also, the [M + 15]+ product ion does not have an 
acidic proton and would thus not be expected to trans- 
fer a proton to neutral DME. 
Of particular note is the fact that the formation of 
[M - l]+ and [M + l]+ products predominate in this 
reaction profile. The presence of these two ions can be 
explained by the mechanism shown in Scheme II. The 
[M - l]+ ion is presumably formed by hydride trans- 
fer from the ethylene glycol DME substrate to the 45+ 
cation, as described previously for the same process in 
the diol reaction. The resulting ion is then easily de- 
protonated by neutral ethylene glycol DME, and the 
reaction yields a neutral unsaturated ether and the 
[M + l]+ ion. This proposed mechanism is substanti- 
ated by two observations. 
At lower sample pressures, deprotonation of the 
[M - l]+ ion by neutral analyte molecules, resulting 
in the formation of [M + l]+ ions, is expected to be 
increasingly disfavored, because of the lower probabil- 
ity of collisions with the neutral ethylene glycol DME 
molecules. Indeed, the [M + l]+ signal decreases dra- 
matically as the sample pressure is lowered, whereas 
the [M - I]+ signal remains high. Also, isolation of 
“e”fml elnylsns g1ym (M-q ,.a+,/’ 
d,ldlyl em 
Scheme II. Formation of secondary products in the reactions of 
ethylene glycol DME with the 45+ ion. 
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the [M-l]+ . Ion, followed by long reaction times 
results in formation of [M + l]+. This further supports 
the conclusion that the [M + l]+ ion that appears in 
Figure 2c is generated indirectly from reaction of [M - 
l]+, rather than as a direct product of the initial reac- 
tion of ethylene glycol DME with the 45* ion. 
Finally, the rate of disappearance of the 45+ ion is 
fastest for reaction with the diether and slowest for 
reaction with the diol. This is presumably due to the 
higher nucleophilicity of the substrates with increasing 
degree of oxygen atom substitution. The fact that the 
relative intensities of the final products of these reac- 
tions do not follow this trend indicates that there are 
two steps in each of the formation reactions. The first 
involves attack of the substrate on the 45+ ion and its 
rate is dependent on the degree of attraction between 
the two reactants. The second is an intramolecular 
process that depends only on the structure and degree 
of functional group interaction within the system. 
Examination of Formation Mechanisms 
Formation of IA4 + 131+. The fact that only the two 
compounds that possess hydroxyl groups form the 
[M + 13]+ product is in complete accord with the 
mechanism previously determined for this reaction in 
other systems [9, 12, 241 and indicates that the same 
type of mechanism may be operative here. The pro- 
posed mechanism for the formation of [M + 13]+ ions 
from the substrates studied here is shown for ethylene 
glycol in Scheme III. Presumably, either of the two 
nucleophilic oxygen atoms of the ethylene glycol or 
ethylene -glycol monomethyl ether substrates may at- 
tack the positively charged methylene carbon atom of 
the methoxymethylene cation (m/z 45) within the col- 
lision complexes previously described (Scheme Ih), re- 
sulting in the covalently bound [M + 45]+ adduct 
shown (Scheme Ib, upper path). Because of the higher 
nucleophilicity of the methoxyl group, the attack by 
the ether oxygen atom of ethylene glycol monomethyl 
‘ether may be slightly favored over hydroxyl oxygen 
atom attack; however, this small difference, with re- 
spect to the high internal energy available for promc- 
tion of the reaction, is not likely to cause a dramatic 
change in reactivity. The change is more likely mani- 
fested in the subsequent step of the reaction, which is 
clearly functional group dependent. 
If a nearby acidic proton, such as the one remaining 
on an attacking hydroxyl oxygen atom, is available, it 
can be transferred to the oxygen atom of the DME 
portion of the adduct. An oxonium ion is thus formed, 
the carbon-oxygen bond is immediately cleaved, and 
a molecule of methanol is lost. The hydroxyl proton 
remaining on the unreacted functional group of the 
ethylene glycol adduct or the methoxyl-site adduct of 
ethylene glycol monomethyl ether is apparently not 
acidic enough or close enough to the receiving site to 
allow for efficient transfer. The transferred proton must 
therefore originate from the attacking functional group 
- L) :o \ 
CH3 
(M + 45)+ 
Collision Complex 
(M + 45)+ 
Covalent Adduct 
! 
(M + 13)+ \ 
CH3 
Scheme III. Representative formation mechanism for [M + 13]* 
product ions. 
for the fragmentation reaction to occur. It can thus be 
inferred that only hydroxyl-site [M + 451* adducts of 
these molecules can give rise to the [M + 13]+ product 
ion. Of the three substrates studied here, only ethylene 
glycol and its monomethyl ether are able to fulfill this 
requirement, and, accordingly, they are the only ones 
to exhibit formation of the [M + 13]+ product. 
Formation of [n/l + 251+. Thus, there remains the 
question of the fate ‘of the monoether and diether 
methoxyl-site [M + 45]+ adducts that presumably 
form but are not directly observed. Because of the high 
internal energy of the collision complex and the inac- 
cessibility of the [M + 13]+ fragmentation pathway 
described before, an alternate deactivation route must 
be enabled. Two likely relaxation mechanisms other 
than the formation of [M + 13]+ are dissociation to the 
starting reactants and fragmentation to form different 
products. Radiative relaxation is another possible cool- 
ing mechanism, but this process cannot be quantitated 
in the ion trap. Likewise, although dissociation of the 
adduct to reform the reactants is a likely occurrence, 
the extent of this dissociation cannot be measured 
because the collision complex is not directly isolable. A 
new product, [M t 15]+, is indeed observed for the 
reaction of ethylene glycol DME with the 45+ ion of 
DME and indicates that alternate fragmentations are at 
least in part responsible for the disappearance of the 
[M + 45]+ adduct. Two mechanisms for this net trans- 
fer of a methyl cation from the 45+ reagent ion to the 
neutral ethylene glycol DME can be envisaged. 
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Heats of Reaction 
To support the conclusions made in the present study, 
we have used semiempirical methods to estimate the 
thermochemistry of the processes in question. This 
,M+15)’ type of analysis is especially useful in cases such as 
a this, in which differences in potential reaction sites are 
to be considered. As demonstrated earlier, Dh4E is a 
particularly selective reagent, and examination of the 
CH,O+) ,?--Cl+ 
V 
cn OO~CH CC%!?& B
heats of reaction for the various processes that can 
3 
OJ H,C’ 
occur gives Insight into the reasons for this selectivity. 
W 
The estimated heats of formation for the [M + 45]+ 
adducts of ethylene glycol, ethylene glycol monomethyl 
C2L%d”” (M + X)’ 
b 
Scheme IV. Proposed formation mechanisms for [M + 15]+ 
product ions: (a) displacement reaction; (b) rearrangement of the 
[M + 45]+ adduct (see text). 
The first of these is a simple displacement reaction, 
as illustrated in Scheme IVa [32]. Either of the methoxyl 
groups of the substrate may interact directly with the 
methyl group of the reagent ion within the collision 
complex. This interaction might then result in cleavage 
of the bond between the methyl group carbon atom 
and the oxygen atom of the reagent ion and the loss of 
neutral formaldehyde. Migration of the methyl cation 
to the substrate would thus occur without the interme- 
diacy of an [M + 451’ adduct. Examination of the 
resonance structures for the 45+ ion indicates that a 
major portion of the positive charge on the 45+ ion is 
expected to rest on the methylene carbon atom. The 
methyl carbon atom of the reagent ion would thus 
have to be sufficiently polarized to be attracted by the 
nucleophilic centers on the ethylene glycol DME sub- 
strate. If this is indeed the case, it is conceivable that 
the reaction proceeds by attack of the neutral substrate 
at this site; however, the absence of this product for 
the reactions of ethylene glycol and ethylene glycol 
monomethyl ether seems to belie this hypothesis. 
ether, and ethylene glycol DME and all of the possible 
[M + 13]+ and [M + 151’ products are listed in Table 
1. For ethylene glycol monomethyl ether, there are two 
entries included. The first concerns the ions resulting 
from reaction at the hydroxyl site, and the second 
concerns those resulting from reaction at the methoxyl 
site. Also listed are the approximate heats of reaction 
for the formation of the [M + 131’ and [M + 15]+ ions 
by the mechanisms proposed. The values listed sup- 
port the earlier conclusions concerning the observed 
reactive behavior of these compounds. 
An alternative mechanism involves a rearrange- 
ment of the [M + 45]+ adduct, as shown in Scheme 
IL%. The unreacted functional group of the covalent 
[M + 45]+ ion attacks the end-methyl group, and its 
bond to the oxygen atom is displaced. Further elec- 
tronic rearrangement gives loss of a molecule of 
formaldehyde and the [M + 151’ product ion. In this 
case, however, the methyl group is attached to the 
functional group that did not react with the m/z 45 
cation. Although a similar mechanism could be in- 
voked for the formation of [M + 15]+ ions from ethy- 
lene glycol and ethylene glycol monomethyl ether 
adducts, this reaction is expected to be considerably 
less favored than the formation of [M + 13]+ product 
ions for these species. Therefore, only substrates such 
as ethylene glycol DME that can give no alternative 
product are expected to undergo this process. 
The activation energy required fol the bond forma- 
tion between the 45+ ion and the diether portions of 
the collision complex serves to dissipate some of the 
excess internal energy of the complex; however, this 
process is not sufficient to completely cool the result- 
ing adduct. The conditions of the ion trap mass spec- 
trometer do not promote complete collisional deactiva- 
tion of the newly formed ions. Thus, the covalently 
bound [M t 45]* product spontaneously dissociates 
in one of the ways previously discussed. The low heats 
of reaction are thus consistent with the fact that no 
[M + 45]+ ions are observed for these substrates in the 
ion trap mass spectrometer and support the idea that 
the [M + 13]+ and [M + 15]+ ions observed are the 
secondary products of the ion-molecule reactions be- 
tween the glycols and the 45+ ion. 
ln Table 1, the values shown for the two different 
products for ethylene glycol monomethyl ether give 
further insight into the nature of the [M + 45]+ forma- 
tion reaction. The hydroxyl-site [M + 45]+ adduct of 
ethylene glycol monomethyl ether has a heat of forma- 
tion very similar to that of the ethylene glycol adduct 
(Table 1). As expected, the heats of formation for the 
two possible mcthoxyl-site adducts (ethylene glycol 
monomethyl ether and ethylene glycol DME, Table 1) 
are likewise similar. According to these estimated val- 
ues, under thermodynamic control, the hydroxyl-site 
adduct would be heavily favored over the methoxyl- 
site isomer; however, because of the high internal 
energy of the ion and its immediate dissociation, there 
is no indication that this formation reaction indeed has 
any effect on the outcome of the overall ion-molecule 
reaction. It is significant, however, that the [M + 45]+ 
formation reaction at the two different sites for the 
same substrate is significantly less exothermic for reac- 
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Table 1. Estimated heats of formation for possible reaction products and intermediate products 
Heat of formation (kcal /mol) Heat of Reaction (kcal /mall 
Compound structure [PA + 451+ [M + 131+ [M + 151’ [M + 131+ [M + 151+ 
Ethylene glycol KL 21 94 79 -1 6 
Ethylene glycol 
monomethylather 
Hydroxyl site’ 24 99 80 -3 0 
Methoxyl sitt? “o/70cy 35 c 63 c 3 
Ethylene glycol 
dimethyl ether 
’ Refers to ions resulting from reaction et the hydroxyl site. 
bRefers to ions resulting from reaction at the methoxyl site. 
‘The [M + 131+ product cannot be formed in these cases, and no structure can be drawn or considered 
tion at the methoxyl site. There is thus less excess 
internal energy in the adduct after the reaction, and 
the likelihood that the adduct will undergo a high-en- 
ergy fragmentation route is considerably smaller for 
the methoxyl-site isomer. 
The heats of formation for the [M + 15]+ product 
ions are lower than those for the [M + 13]+ ions, but 
the [M + 13]+ formation reaction is favored over that 
for [M + 15]+, even when both products can form 
(ethylene glycol monomethyl ether, Table 1). This oc- 
currence is readily explained by examination of the 
overall heats of reaction for the two processes. The 
heats of reaction for the [M + 131’ formation reaction 
are substantially different from those for formation of 
[M + 151’. Whereas the [M + 13]+ reaction is very 
slightly exothermic, the [M + 15]+ reaction for the 
same compound is slightly endothermic. Thus, it is not 
surprising that for ethylene glycol, only the [M + 13]+ 
ion is formed. On the other hand, the only possible 
product for ethylene glycol DME is [M + 15]*, and for 
this substrate, the reaction is exothermic. It is therefore 
not surprising that exclusive formation of [M + 15]+ is 
observed. 
For ethylene glycol monomethyl ether, both the 
methyl cation transfer and methylene substitution proc- 
esses are possible; however, by comparing the heats of 
reaction for the two paths, it is noted that whereas the 
[M + 15]+ formation reaction is disfavored for both 
reaction sites, IM + 131+ formation at the hydroxyl 
site is slightly exothermic. Again, these data support 
the assertion that the [M + 13]+ pathway is the fa- 
vored dissociation route for the [M + 45]+ adducts. 
Conclusions 
The ion of m/z 45 from DiUE is a selective reagent 
that can unambiguously distinguish between hydroxyl 
and methoxyl groups. Using this reagent, we have 
demonstrated that the natures of various functional 
groups within molecules can dramatically affect the 
mechanisms and outcomes of reactions. This offers 
great future opportunities for the development of site- 
selective reagents for use in both simple organic sys- 
tems and more complex biochemical molecules. 
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